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Abstract 

 

 Expanded bed adsorption chromatography, characterized by operating with an upward flow, is a 

revolutionary technique that allows to clarify and concentrate a given protein directly from broth; no 

previous purification is required. This operation is usually used in the beginning of the downstream 

processing, replacing several unit operations and leading to higher yields and lower process times. 

 In this report it is studied the application and optimisation of this technique for the purification of an 

enzyme by anion exchange at laboratory scale, followed by subsequent scale-up to pilot, constantly 

intending yield maximization. 

 System hydrodynamics were studied and the number of plates per metre was correlated to 

different expansion factors and increasing viscosities. 

It was noticed that resin-biomass interaction can be problematic, causing fouling and absorbent 

aggregation that will affect fluid distribution and bed expansion, leading to a performance reduction. This 

aggregation was observed followed by bed blockage, especially when older broth was loaded, suggesting 

that broth aging has a strong influence in this interaction, possibly due to its enrichment in free nucleic 

acids that will bind to the adsorbent; furthermore, DNA adsorption was confirmed by fluorescence. 

It was also concluded that a contact time of hours is important during sanitisation and was 

achieved by fluid linear velocity reduction. In particular at pilot scale, turbulence was also found to help 

disassembling resin aggregates. 

 Both settled bed height and expansion factor were kept constant while scaling-up and after some 

adjustments, promising yields were achieved. 

 

 

 

Keywords: Expanded bed adsorption (EBA), hydrodynamics, biomass-adsorbent interaction, optimisation, 

scale-up 
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Resumo 

  

 Cromatografia de adsorção em leito expandido, caracterizada por operar em leito ascendente, é 

uma técnica revolucionária que permite clarificar e concentrar uma proteína-alvo a partir do caldo 

fermentativo sem qualquer prévia separação. Esta é utilizada no início do downstream processing, 

substituindo várias operações unitárias, o que permite obter elevados rendimentos e tempos de operação 

reduzidos. 

 O objectivo deste trabalho foi a optimização desta técnica tendo em vista a maximização do 

rendimento para a purificação de uma enzima por troca aniónica à escala laboratorial e consequente 

scale-up para escala piloto. 

 Começou então por estudar-se a hidrodinâmica do sistema, correlacionando-se o número de 

pratos na coluna a diferentes alturas de leito e viscosidade crescente. 

Observou-se que a interacção resina-biomassa pode ser problemática, causando incrustações e 

a agregação do adsorvente que afectam a distribuição do fluido e expansão do leito, resultando numa 

redução de performance. A agregação do absorvente foi especialmente observada quando o caldo usado 

era mais antigo, o que sugere que o seu envelhecimento potencia a interacção deste com a resina, 

possivelmente devido à libertação de ácidos nucleicos; não obstante, a adsorção de DNA foi confirmada 

por fluorescência. 

 Concluiu-se também que é importante proporcionar um tempo de contacto de horas durante a 

sanitização, obtido por redução da velocidade linear. Em particular à escala piloto, observou-se que 

turbulência gerada por caudais elevados ajuda a desagregar os agregados de resina formados. 

 O scale-up foi efectuado mantendo tanto a altura de leito sedimentado como o factor de 

expansão durante a operação, obtendo-se rendimentos promissores. 

 

 

 

Palavras-chave: Expanded bed adsorption (EBA), hidrodinâmica, interacção biomassa-adsorvente, 

optimização, scale-up 
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1. Introduction 

 A biochemical process can be divided into three main parts, the upstream, which consists of the 

preparation and pre-treatment of raw materials; the production phase where the raw materials are 

transformed leading to the production of the end-product and associated by-products; and finally the 

downstream processing, which focuses on the recovery and purification of the target product [1]. 

 Progress in the area of recombinant DNA technology has made it common to clone, express and 

over-express a target product in a wide variety of host organisms. What is more, the advances in 

fermentation technology, including the development of different types of reactors and of new technologies 

such as micro-carriers and biomaterials, made it possible to achieve whichever conditions are required for 

microorganisms’ successful growth [1]. 

 These advances in the production phase far surpassed those of the recovery and purification 

areas [1]. 

 Downstream processing of biological materials usually comprises several different unit operations 

such as centrifugation, filtration, chromatography, crystallization or precipitation. These are combined with 

the goal of obtaining the target product in its required form; therefore the sequence of unit operations used 

is necessarily adapted to each particular process according to the different properties of the broth, target 

product and impurities and their concentrations involved [1], [2], [3].These unit operations are typically 

used more than once in different sections of downstream processing, thus representing a significant part 

of the production costs of biological products. Consequently, reducing the number of unit operations 

results in lower production costs, decreased overall process time and increased overall yield. To achieve 

that, the integration of several unit operations in one step is one of the approaches that can be taken [2], 

[3]. 

 Furthermore, recently, the incorporation of affinity-based interactions in the purification process 

has led to the improvement of recovery processes efficiency. However, due to the presence of whole-cells 

and/or cell debris in the feedstock, this cannot be directly applied onto a packed bed column as its 

blockage would be inevitable [1]. 

 

 Expanded bed adsorption (EBA) chromatography was developed in the early 90’s as an 

innovative multifunctional integrated unit operation. This technology allows the adsorption of target 

proteins directly from unclarified feedstock, such as culture suspensions, cell homogenates or crude 

extracts, while the remaining bioparticles freely pass through the expanded bed [2], [3], [4], [5]. 

EBA combines solid-liquid separation with adsorption in a single-unit operation, consequently 

merging process steps as clarification, concentration and capture. This in turn increases the overall 

product yield, reduces operational time, consequently decreasing the capital investment and consumables 

depletion [2], [3], [6], [7]. In fact, the use of expanded bed simplifies the downstream-processing flow 

sheets for the recovery of a wide variety of biomolecules. Once proved scalable with good results, it has 

the potential to revolutionize the whole enzyme industry [4], [8].  
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(A) (B) 

2. Background and theory considerations 

2.1. Expanded bed adsorption 

The term “expanded bed” was firstly used with marketing purposes by Pharmacia (now GE 

Healthcare) to distinguish it from fluidized bed. 

In a fluidized bed adsorption system, the chromatographic beads have no difference in size or 

relative density among each other and a high degree of axial mixing is thus inevitable, leading to a small 

number of equilibrium stages within the bed and consequently to low purification efficiencies. However in 

EBA systems, adsorbent beads have usually different sizes and/or densities, which results in the 

classification of the bed within the column during application of the flow and in bed expansion [3]. Figure 

2.1 presents a scheme of this specific difference. 

 

Figure 2.1 – Operation modes for protein adsorption in column beds: A) fluidized bed, where the arrows represent 

the liberty of movement of the beads, and B) expanded bed [9]. 

 

EBA is based on similar principles to those governing conventional adsorptive chromatography 

techniques. Namely, a flow containing a target compound as well as contaminants is introduced into a 

column filled with functionalized solid matrices or adsorbents. However, one of the major differences that 

also represents an huge advantage, is the possibility of loading unclarified feedstock  without blocking the 

bed, which is due to the increase in bed voidage through the fluidization of the adsorbent by an upward 

flow [4], [10]. 

Thus, when using EBA under some pre-determined conditions, the solid materials, colloids and 

very large molecules existing in crude biological feedstock are allowed to pass through the expanded bed 

while the product remains bound to the matrix. Such characteristic eliminates the necessity of clarification, 

allowing to skip solid-liquid separation unit operations frequently used in the initial recovery (see Figure 

2.2). 
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Intracellular Extracellular 

Disruption: 

 Homogenization; bead mills 

 Enzymatic: detergents 

 Osmotic shock, freeze-thaw 

Initial recovery: 

(solid-liquid separation) 

 Centrifugation 

 Cross-flow microfiltration 

 Aqueous two-phases system 

Secondary purification: 

 Precipitation 

 Membrane process 

 Chromatography 

Final purification: 

 Chromatography 

 Formulation 

Expanded bed 

Chromatography 

Final product 

Target product 

By applying an appropriate elution step, the product can be concentrated, corresponding to the 

secondary purification stage. This means, that this single unit operation decreases the degree of process 

intensification, reducing thereby product losses (see Figure 2.2). 

 

Figure 2.2 – Typical sequence of operation in the recovery and purification of proteins from a biological feedstock 

and relative position of the expanded bed as a viable alternative operation. 
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2.2. EBA system 

An EBA system basically consists on a column packed with a certain resin (stationary phase) and 

provided with a tailored made flow distributor at the bottom that should ensure an homogeneous and even 

flow distribution over the whole cross-section of the bed (plug flow) and must freely allow the passage of 

particulates; it should also have an upper adapter (outlet) whose position may be adjusted according to 

the expansion of the bed [11]. 

Furthermore the introduction of air bubbles should be avoided  to prevent turbulence inside the 

bed, especially during critical steps such as loading and elution, and it is also strongly advised to align the 

column in a perfect vertical position, as deviations will lead to heterogeneous flow and loss of performance 

[9]. 

 

2.2.1. Resin beads 

 Besides the interaction characteristics that are also found in packed bed adsorbents, the 

expanded bed adsorbents must hold good fluidization characteristics as under the employed flows, the 

adsorbent should remain in the fluidized state and should not elutriate from the column. To answer this 

observation, the settling velocity of the beads (Ut) is a key parameter to take into account. 

If the linear velocity of the fluid is higher than their terminal velocity, the beads are going to be 

dragged through the column; therefore to the minimum settling velocity of a bulk of beads corresponds the 

maximum linear velocity of the fluid that can be applied. 

 The settling or terminal velocity of a bead can be calculated by Stokes’ Law (Equation 2.1), valid 

in the range of laminar flow (Ret < 0.2), and is dependent on beads’ physical properties such as diameter 

and density; and also of the fluid being pumped like density and viscosity. 

   
          

 

   
 Equation 2.1 

Where dp is the particle mean diameter, ρl is the liquid density, ρp is the particles mean density and µ is 

the liquid viscosity. 

During fluidization, larger and denser beads have the highest settling velocity and move to the 

bottom, becoming localized there, while smaller and lighter beads, with a lowest settling velocity, are 

fluidized to the top part of the column [6]. 

 

At a very low flow rate the sedimented bed behaves like a packed bed with the liquid flowing in the 

interstitials space between the beads. As the flow rate is increased there is a transition between 

sedimented and expanded state characterized by the minimal fluidization velocity (Um) of the beads. This 

parameter can be calculated by equating the pressure drop across the bed, given by Ergun equation 

(Equation 2.2) assuming packed bed behaviour, to the buoyant weight of the particles (Equation 2.3) as 

shown in Equation 2.4. 
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       (     )  Equation 2.4 

Where    is the settled-bed-void fraction, usually approximated to 0.4. The two terms in the right-hand 

member of Equation 2.2 and in the left-hand member of Equation 2.4 represent the contribution due to 

laminar flow (first term) and to turbulent flow (second term). Depending on the flow regime, it is possible to 

simplify the expression by neglecting the appropriate term. [1] 

However, if the linear velocity is higher than this value, the beads will move inside the column and 

the bed expands until they find another equilibrium position corresponding to their settle velocity. [9] 

Their exact location results from the plug flow within the bed and the overall force balance 

(simplified in Figure 2.3), including gravity  ⃗⃗⃗ , buoyancy  ⃗⃗ , fluid drag  ⃗⃗  and hydrodynamic interaction 

forces from other neighbour beads, that must reach an equilibrium. In the ideal case of a spherical particle 

this relation can be expressed by Equation 2.5 [9]. 

 

Figure 2.3 – Simplified representation of the forces that are acting in the beads. 

 

 

 
   

  (     )         
 

 
   

  
  

 
    Equation 2.5 

 

Where ξ is the resistance coefficient, given by Equation 2.6 in the range of creeping flow (Ret ≤ 0.2), 

where Ret is the terminal Reynolds number, calculated by Equation 2.7. 

  
  

   
 Equation 2.6 

 ⃗⃗  

 ⃗⃗⃗  

 ⃗⃗  
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 Equation 2.7 

 

For different fluid linear velocities applied, also different bed expansion heights will be reached, 

resulting in different bed-void fractions of the bed (ε). Richardson and Zaki correlated these parameters as 

shown in Equation 2.8. 

        Equation 2.8 

 

Where U is the linear flow velocity and n is the bed expansion index (also known as Richardson-Zaki 

correlation exponent), which can be either determined by an empirical equation developed by Garside an 

Al-Dibouni (Equation 2.9) and valid for 10
-3

 < Ret < 3∙10
4
, 

  
              

     

          
      Equation 2.9 

 

Or estimated from Equation 2.10, where Ga is the Galileo number given by Equation 2.11. 

     

     
              Equation 2.10 

   
            

 

  
 Equation 2.11 

 

 And therefore, for the average particle and using the bed-void fraction calculated by Equation 2.8, 

the expanded bed height can be predicted from Equation 2.12. 

 

  

 
      

     
 Equation 2.12 

 

Furthermore, the interplay between the local voidage in different parts of the bed also dictates the 

local interstitial fluid velocity. If too many beads try to occupy the same local space, voidage decreases, 

fluid velocity increases and the beads with lower settling velocities are pushed up out of the area to a 

place where their settling velocity is balanced by the local fluid velocity. This classification of the beads 

leads to the formation of layers of particles inside the column which have an important role in reducing 

axial mixing by keeping a flow regime close to plug flow and making the bed less susceptible to 

disturbances, e.g., when liquids with different properties are introduced [3], [6], [9], [11]. 

 

 Both the axial distribution of bead size and density along the bed height are an essential property 

of the bulk resin beads tested, and according to Dong-Qiang Lin et al. (2013), they are both possible to 

predict by their relative position to the expanded bed height [6]. 
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 All adsorbent beads commercially available for EBA consist of two phases: i) a polymer gel or 

composite part which is functionalized and carries ligands; and ii) a single solid core or dispersed solid 

material imbedded in the polymer gel or composite. Thus such dense beads permit their use with high 

flow velocities often applied in EBA columns; moreover, as the feedstock used with EBA are usually much 

cruder than the ones used with traditional packed bed chromatography, the ligands must also be able to 

withstand the vigorous cleaning procedure required afterwards [3], [11]. 

 Nowadays, EBA beads with different binding functionalities are commercially available, including 

anion exchange (e.g. quaternary amine or tertiary amine groups), cation exchange (e.g. sulphonic acid 

and carboxymethyl groups), hydrophobic (e.g. phenyl groups) and affinity (e.g. immobilized metal and 

Protein A). 

The method scouting and process optimisation is strongly dependent on the bead type, 

functionality and surface architecture. In general the greatest capacity is achieved with ion exchange 

types and given that they are also the cheapest to produce and are resilient to harsh cleaning, these are 

generally seen as the first choice to use in EBA [3]. 

 

The beads used in this study consist of spherical agarose matrixes with positively charged ligands 

distributed throughout their surface and tungsten carbide particles irregularly embedded in their core 

which provides them with both size and density distributions (47-236 µm and 2.8-3.2 g/mL, respectively). 

These characteristics will thus lead to an axial distribution of both size and density along the expanded 

bed as beads with different diameter and density can have the same terminal velocity [6], [12]. In addition, 

the high density characteristic of EBA resins and conferred by the presence of tungsten carbide particles 

in this case, permits the practice of high flow rates while preventing at the same time the beads to be 

washed out of the column [11]. 

 

 

 

2.2.2. Mode of operation 

Apart from the flow direction, upward in EBA, the experimental protocol of an expanded bed does 

not differ much from that of a packed bed and it is composed by five stages described below [2]. 

 

a) Equilibration 

 This step starts by introducing an equilibration buffer into the column through the inlet located at 

the bottom. 

During equilibration the bed is usually expanded, thereby increasing the voids between the 

adsorbent particles and the bed porosity [9]. 

A minimal flow velocity is required to achieve a stable bed, and also to minimize flow irregularities 

close to the distributor [9]. 
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After a while, the stabilisation of the bed is achieved and the classification of the beads is 

completed; this can actually be visually inspected, as the movement of particles comes to an end [9]. At 

this moment, the feedstock can start to be pumped in at a lower but constant flow rate [3]. 

 

b) Loading 

Subsequently, the feedstock containing cells, cell debris or other particulate matter is fed to the 

column. 

Provided that the settling velocity of the particulates in the feedstock is much lower than that of the 

adsorbent particles, the particulates leave the column even if the flow rate is decreased, whereas the 

proteins that strongly interact with the adsorbent are retained [9]. 

As broth is being loaded into the column, the bed undergoes a reversible contraction reaching 

almost the settled bed height and then it further expands again stabilizing, probably due to changes in the 

characteristics of the fluids pumped. 

 

c) Washing 

After loading, a washing solution (usually with the same composition of the equilibration buffer) is 

pumped in. Weakly bound or entrained materials are then flushed out by firstly applying a flow rate similar 

to that used in feed application. 

 

d) Elution 

 The elution can be performed in two different ways: in packed or expanded bed by applying 

respectively a down or upward flow. 

In the first one, after the washing step, the flow is stopped and the bed is allowed to settle. The 

upper adapter is lowered and elution is carried out in the packed configuration with downward flow so that 

the product is eluted in a small volume. However, due to biological safety reasons, movable parts may be 

unwanted and a closed system preferred. In this case, elution is carried out in the expanded mode and 

there is no need to pause the run. 

The eluate resultant from performing the elution in expanded bed mode is usually characterized 

by a greater volume, and therefore, the product is more diluted [10]. 

The viscosity of the column effluent can increase while elution is taking place due to the high 

concentration of biological materials (e.g. protein) being released and this can lead to the over-expansion 

of the bed, meaning that either the flow rate must be decreased or the top adaptor must be pulled up [3]. 

If better concentration factors are aimed, a decrease in the flow rate is preferred as it generally 

leads to reduced axial mixing, reduced bed volume and thus lower elution volume [3]. 
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e) Sanitisation 

After elution, the bed must be cleaned appropriately as some components may remain bound 

under the washing and elution conditions chosen [3], [9]. 

For different adsorbents and feedstocks distinct protocols for cleaning are advised by the column 

and adsorbent manufacturers [3]. Some common reagents are 1 M NaOH, 1 and 2 M NaCl, up to 70% 

aqueous ethanol, 30% isopropanol, 25% acetic acid and 6 M urea, and it’s also frequent to use a low 

linear velocity to increase the contact time, even though in some cases turbulence is also welcomed 

inside the column: for this purpose higher flow rates are required [9]. 

 Skipping CIP may have a negative effect on the column operation leading to a decrease in bed 

performance. This can be manifested by channelling and aggregation of adsorbent particles and, in 

extreme, the sedimented bed may even move upwards as a whole block in the next run [9]. 

 

 

 

 

 The characterization of fluidization in EBA generally starts with the study of bed expansion profile 

at different linear velocities and viscosities and a linear correlation is expected between EF and linear 

velocity [3]. 

To achieve a high efficiency separation, axial mixing within the expanded bed must be minimized, 

allowing the establishment of a plug flow. The factors affecting that include design parameters, e.g., the 

flow distribution system and column diameter, and operational parameters such as flow velocity, bed 

height and fluid viscosity [3]. 

For the evaluation of the flow regime and axial mixing within the column a residence time 

distribution study is typically conduced, from which the number of plates per meter is calculated. For this, 

a step of an inert tracer is introduced into the column at time zero; the broadening of the step decrease is 

evaluated by monitoring concentration in terms of absorbance of the tracer at the outlet [3]. This test can 

also be used to follow up bed performance from trial to trial. 

It was interesting to set both biomass and product mass balances to the column calculated in 

turbidity and activity units, respectively, to assess if any biomass or target protein remained stuck to the 

resin after a run, in which case the mass balance does not close. 
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2.3. Performance and peak resolution 

The performance of the bed is usually assessed in HETP (height equivalent to a theoretical plate; 

inverse of plates per meter) which is given by the van Deemter equation that correlates the resolving 

power (HETP) of a chromatographic column to the various flow and kinetic parameters which cause peak 

broadening, such as multiplicity of path of a molecule through the column packing, molecular diffusion and 

effect of mass transfer. [13] 

The fundamental van Deemter equation depends on only two kinetic parameters, the apparent 

axial dispersion coefficient (DL) and the apparent mass transfer coefficient (α) between the mobile and the 

stationary phases. [14] 

The assumptions that are made in the classical derivation of the van Deemter HETP equation are 

as follows: [14] 

1. The equation assumes the mathematical equivalence between the Gaussian distribution curves of the 

solute concentrations in the eluent provided by the plate theory (plate height H) and by the rate theory 

applied to a continuous column; 

2. In the rate theory, the axial dispersion coefficient DL (m
2
/s) is considered only in the mobile phase of 

volume fraction    . There is no axial dispersion in the stationary phase of volume fraction     . 

Depending on the local concentration gradient, a linear liquid driving force moves the solute between the 

mobile and the stationary phase. The apparent mass transfer coefficient is defined as   (s
−1

). The 

effective diffusion coefficients in the mobile and the stationary phases are    and     , respectively; 

3.  In the plate height theory, the elution volume is assumed to be much larger than the volume of eluent 

required to elute analyte molecules through one single plate of height H. Similarly, in the rate theory, the 

elution distance z along which the sample concentration distribution is derived is much longer than both 

one mixing stage (   ⁄ ) and one height of a transfer unit (    ⁄ ) (  is the average linear velocity of the 

mobile phase); 

4. The injection volume tends towards a pulse injection, e.g., a  -Dirac injection concentration profile. 

 

  Accordingly, the mathematical solutions of both the plate height and rate theories converge 

towards Gaussian distributions. Writing the equalities of the elution volumes and variances of these two 

Gaussian functions leads to the general, fundamental van Deemter HETP equation [14]: 

      
  

 
  

     ⁄  

            ⁄   
 Equation 2.13 

where K is the equilibrium constant defined as         and assumed to be independent of the sample 

concentration (linear isotherm or linear chromatography);    and     are the concentrations in the mobile 

and stationary phases, respectively. 

 

http://en.wikipedia.org/wiki/HETP
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van Deemter had to make important assumptions regarding the expressions of these coefficients 

(   and  ). The axial dispersion coefficient was then written as the sum of molecular diffusivity along a 

bed packed with non-porous particles and of Eddy diffusivity (Equation 2.14). [14] 

            Equation 2.14 

Where   is the “labyrinth factor” or external obstruction factor,    is the bulk diffusion coefficient,    is a 

dimensionless parameter that depends on the packed bed structure and    the average particle diameter. 

The overall mass transfer resistance (  ⁄ ) between the mobile and the stationary phase was 

divided into the mass transfer resistance in the mobile phase and in the stationary phase and then the van 

Deemter equation is represented by Equation 2.15. [14] 

          
    

   
         

   

  

 Equation 2.15 

Here    and     are the mass transfer coefficients in the mobile and stationary phases, respectively. 

This equation reflects all the assumptions made by van Deemter during the derivation of his 

fundamental equation. (1) The eddy dispersion coefficient is described by a unique flow-controlled 

process (parameter  ), (2) the longitudinal diffusion coefficient accounts solely for the obstructed sample 

diffusion along a bed packed with non-porous particles (parameter  ), (3) the mass transfer resistance in 

the interstitial mobile phase (hydrodynamic boundary layer in packed beds) is coupled to the difference 

between the mobile phase concentration and the stationary phase concentration (the parameter CI is 

imposed and depends on the retention factor), and (4) the mass transfer resistance in the stationary 

phase follows a simplified diffusion model into a spherical particle (parameter CII). 

Matching Equation 2.15 with its simplified version (Equation 2.16), it is possible to identify the 

three well-known coefficients of the final form of the van Deemter equation: (Eddy dispersion A, 

longitudinal diffusion B and solid–liquid mass transfer resistance C). 

This equation is a hyperbolic function and represents the dependence of HETP on fluid linear 

velocity (u) and each term corresponds to one of the parameters that causes peak broadening. [15] 

 

Parameter A is the Eddy-diffusion parameter and represents the different paths through the 

medium that can be taken by the molecules and cause the broadening of the solute band because to 

different paths correspond different lengths and thus retention times; B term is the longitudinal diffusion 

coefficient that represents molecules tendency to diffuse along the column due to the concentration 

gradient inside the column; and C represents the resistance to mass transfer coefficient between the fluid 

and the medium, combining two effects: adsorption kinetics and mass transfer inside the particles.The 

slower the velocity is, the more uniformly the molecules may penetrate inside the beads, and the less is 

       
 

 
     Equation 2.16 
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the effect of different penetrations on the efficiency. On the other hand, at faster flow rates the elution 

distance between molecules with different penetration depth will be higher. [13], [15] Besides, this term is 

also very sensitive to temperature. 

The van Deemter equation predicts an optimal velocity to which corresponds the minimal HETP 

and maximum efficiency. So when plotting HETP against fluid linear velocity, a graph similar to the top 

one illustrated in Figure 2.4 is expected. 

In order to increase the separation efficiency and peak resolution, it is desired to minimise HETP 

and therefore to minimise all terms A, B and C. A is minimised by using smaller particles with a tighter 

particle size distribution and is very sensitive to bed uniformity; B is minimized by high linear velocities 

because the molecules spend less time inside the column, besides using thinner columns may also help; 

C is minimised by using smaller particles and reducing mass transfer resistance between the stationary 

and mobile phases. Moreover, the flatter the C curve is, the faster it is possible to run the separation with 

good efficiency. So, a low slope of this section means that higher flow rates may be used with minimal 

effect on HETP, i.e., on separation performance. 

 

  

 

Figure 2.4 – Schematic representation of van Deemter equation and its parameters influence. [16] 
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2.4. Scale-up 

 The basic idea behind scale-up is to preserve the quality of the separation and the high yields 

achieved at small scale while scaling up and having production scale as final goal. 

The performance of a chromatographic column depends on a variety of design and operating 

factors. To facilitate scale-up, kinetic parameters like particle size, pore size, ligand chemistry, 

temperature and mobile phase, and dynamic parameters like bed height, flow velocity and packing density, 

should be equivalent among different scales [17]. 

This equivalence can be achieved by using the same stationary and mobile phase at both scales 

and operating them at identical bed height, linear flow velocity, the amount of protein loaded per volume of 

resin and feed conditions, while aiming to have comparable column performance data after scale-up, so 

that the operation can be optimized thereafter in order to keep a high product yield and quality [17], [18]. 

To handle with the increase of volume loaded to a pilot scale column, the most common 

procedure is to increase the column diameter so that the column volume increases proportionally and thus 

the residence time and the stability of the product are aimed to be kept constant [17]. An usual approach 

to scale-up is to keep the number of plates per metre (1/HETP) and the number of column volumes 

loaded constant. 

 

The research for optimal conditions is usually performed at the laboratory in small columns and as 

the bed height must remain constant during scale-up, the best approach is to optimize it at the bed height 

that will later be used at pilot scale [17]. 

In particularly in EBA chromatography, the stability of the expanded bed is critical for a successful 

scale-up of an EBA column and this may be affected by the flow distributor, flow velocity, composition and 

properties of the feed, particle size distribution and feed-adsorbent interactions [17]. 

In this case, a scale-up factor of 25 was used as the column diameter was increased from 2 to 10 

cm. Theoretically, by following the guidelines presented, it is expected to maintain the residence time 

inside the column. However, due to differences in the inlet distributors of EBA columns from scale to scale, 

keeping constant the settled bed height and linear velocity does not mean that the expansion factor (EF) 

achieved is the same from scale to scale; a choice had to be made while scaling up EBA chromatography 

between keeping the linear velocity constant as an attempt to keep the residence time also constant, and 

keeping the expansion factor constant. 

 

Nevertheless, the capture efficiency of a process column, that correlates the quantity of sample 

applied with product yield, is directly related to the column residence time as this has a direct influence on 

mass transfer resistance; thus by keeping the residence time constant inside the bed it is expected to 

maintain the same product yield when the same number of column volumes of sample is applied to a 

larger column [18]. 
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Furthermore, according to Chang and Chase (1996), Ghose and Chase (2000) and Thommes et 

al. (1995), a high H/dc ratio results in reduced axial dispersion coefficient in the bed. So, for a similar bed 

expansion, dispersion and mixing are expected to be more pronounced in larger scale than in smaller one 

[2]. 

Rathore and Velayudhan (2003) provide some guidelines in [17] for packed-bed chromatography 

scale-up that can be adapted to EBA chromatography. 

 

 

  



26 

 

2.5. Main challenges 

Despite some successes using this technology, EBA has been suffering from certain 

shortcomings: (a) fouling at the bottom distributor by suspended materials in crude feedstock and 

fermentation broths can easily occur; and (b) adsorbent bead cross-linking by macromolecules, like 

nucleic acids. [3] 

 

 Generally, aggregation of cells and cell debris at the low adapter can be controlled by the 

Clean-In-Place (CIP) procedure, which is generally done immediately after each run. What is more, in 

case of performing the elution in packed-bed mode, it is also important to remove as many cells as 

possible during the washing step to avoid their entrapment in the interstitial volume of the particle bed. [9] 

If aggregation at the lower adapter is severe, normal CIP will not reach all parts of the column and 

the problem will persist, which in extremis can lead to the dismantlement of the whole system [9]. 

 

The application of a crude feedstock on a chromatographic system is usually seen as challenging. 

A typical composition of a crude feedstock is presented in Table 2.1. 

Particulates are mainly whole cells and cell debris besides some media components; the 

feedstock contains mainly the target protein and some other but minor substances. In particular after cell 

disruption, many intracellular products (such as host-derived proteins and DNA) are present in suspension 

larger amounts than when no disruption is performed. [9] 

 

Table 2.1 – Composition of a typical product source (broth) after cultivation [9]. 
 

Particulates Dissolved constituents 

Cells (>1 µm) Low-molecular weight molecules (MW<1000) 

Cell fragments (<1 µm) Amico acids, vitamins, nucleic acids 

Protein precipitates (<1 µm, colloids) Buffer salts, additives, etc. 

 Color and aroma substances 

  

 High-molecular weight molecules (MW<1000) 

 Proteins, including lipoproteins 

 Polynucleotides (mainly DNA) 

 Endotoxins 

 

These biomolecules, cells and cell debris tend to interact with some adsorptive supports, 

particularly in the case of ion exchangers, leading to the formation of aggregates of cells and adsorbent 

beads inside the column and consequently leading to a change in hydrodynamic properties and loss of 

bed stability, to channelling, to increasing axial dispersion or even to a complete breakdown of the 

expanded bed with column blockage [4]. 
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For all these reasons, harsh washing and regeneration conditions may be necessary or the life 

expectancy of the support will decrease as a result of irreversible fouling of the beads [4]. However, the 

harshness of the cleaning solutions can also possibly lead to ligands leaching which also results in loss of 

binding capacity, but this was not measured; and in addition, the selection of cleaning solutions is also 

limited by the chemical resistance of the equipment. [9] 

 

Whenever it’s possible and in order to avoid all the problems related to cell interaction with 

anion-exchange adsorbents, their substitution by cation-exchange adsorbents should be considered. But if 

the use of anion-exchangers is inevitable, an extensive CIP procedure is recommended, involving NaOH 

and NaCl at a contact time of hours, in order to avoid deterioration of the anion-exchange adsorbent. [9] 

 

 

 

 

2.6. Objectives of the report 

With this report we intended to optimize and scale-up the purification of an enzyme with 

application in the food industry using anion exchange EBA chromatography. 

Firstly the hydrodynamics of the EBA system used was studied and some performance tests at 

different bed heights were performed. 

Then the purification process of the target protein was optimized at laboratory scale according to 

the determined yields and to the evolution of bed separation performance test results. The developed 

protocol was scaled up to pilot by keeping the settled bed height and the expansion factor constant. 

 Yields and mass balances were calculated to follow up the protocol efficiency. 

 Throughout the experiments, an interaction between resin and broth was detected and visually 

observed by the aggregation of the beads inside the column, therefore a particular importance was given 

to sanitisation optimisation because in order to consider this process a real alternative to the common 

purification DSP, it is essential to maximize resin reutilization. 
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3. Materials and methods 

 This chapter comprises the description of every protocol followed in the experiments performed, 

as well as, the operating conditions, the equipments used, including model and manufacturer, and also 

the materials required with the respective supplier and batch number. 

 

 

3.1. Expanded bed adsorption system 

Two EBA systems were used in these experiments: one at laboratory scale and another at pilot 

scale. 

 

3.1.1. Laboratory scale 

Two acrylic columns (I.D.= 2 cm; h= 1,5 m) provided with a flow distributor designed by Upfront 

Chromatography  A/S (Copenhagen, Denmark) were used. There was no significant difference between 

the two column used; the older one was substituted by a new one when it started to leak at the bottom. 

The feed was pumped into the column by an external P960 pump connected to an Äkta Explorer 

Purifier produced by Amersham Pharmacia Biotech (Buckinghamshire, England, UK), that is coupled with 

eight-way inlet valve and also eight-way outlet valve and provides inline and real-time measurements of 

conductivity, pH and absorbance simultaneously at three different wavelengths previously specified by the 

user, besides some basic operative controls of the system, as flow rate and pressure. 

In particular the feedstock needs to be stirred (with a magnetic stirrer) through the whole 

experiment to keep it homogeneous and avoid biomass deposition. 

Due to the different expansion factor that can be achieved in these columns, a movable outlet 

adapter is required, which position can be manually adjusted according to the expansion level. This is 

connected to an external and peristaltic Watson Marlow 505U outlet pump (Falmouth, Cornwall, UK) with 

a maximum flow of 55 rpm (approximately 200 mL/min) and fitted with neoprene tubed of 5 mm diameter. 

This pump input is in rpm and is manually controlled directly on the pump, for this reason the pump was 

previously calibrated, so that to a certain flow rate of the inlet pump in mL/min corresponds a value in rpm 

of the outlet one (this data can be consulted in Appendix 8.1). 

The column effluent is then fed to the Äkta Explorer which is connected to a fractionator Frac-950 

produced by Amersham Biosciences. The operation of the system is controlled by Unicorn software, 

version 5.01, also from Amersham Biosciences, which can work in either a manual or a programmed way. 

The lab scale system setup just described is illustrated in Figure 3.1. 
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Figure 3.1 – Schematic representation of the experimental setup at lab scale [19]. Each solution is connected to a 

way of the inlet valve, in particular the broth, which has biomass suspended, needs to be continuously stirred. These 

are pumped by the P-960 inlet pump into the column. The effluent of the column is then pumped by a Watson Marlow 

505U outlet pump into the Äkta Explorer where the conductivity, pH and absorbance measurements take place. 

Then, according to the outlet way selected, the flow-through can either be fractionated into 45 mL fractions collected 

in 50 mL Greiner tubes, collected in schott bottles or drained to the waste line. 

 

The column was filled with Anionic Fast Line Q resin (Upfront Chromatography S/A). These 

positively charged adsorbent beads have an agarose spherical structure that concerns tungsten carbide 

particles inside meant to increase their weight and are characterized for having both size and density 

distributions, which enables bed classification. 

Table 3.1 summarizes the settled bed height and the corresponding volume of resin used in the different 

trials. 

Table 3.1 – Settled bed height and volume of resin used according to each different trial: for BTI calculation and for 

product purification. 

Trials Settled bed height (cm) Volume of resin (cm
3
) 

BTI 20.9 65.7 

Purification 23.3 73.2 
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3.1.2. Pilot scale 

A glass column (I.D.= 10 cm; h= 1,5 m) provided with a fixed stainless steel flow distributor 

designed by Upfront Chromatography  A/S (Copenhagen, Denmark) was used for the pilot scale 

experiments. 

 The feed was pumped into the column by an Ecodos pump from Lewa (Leanberg, Germany) 

which has a maximum flow rate of 400 L/h.  

 Similarly to what is done at lab scale, the feedstock needs to be stirred through the whole 

experiment to keep it homogeneous and avoid biomass deposition; a top stirrer was used for this task. 

There were two inlet Robolux AB diaphragm valves (Lidingö, Sweden) assembled in the system 

and also two outlet valves. As each valve has two ways, the system had four inlet and four outlet ways. 

The system operates with a range of pressurized air from 6 to 10 bar for valves opening and closing. All 

the valves are closed by default, which state corresponds to an unpressurized system. For the inlet and 

outlet connections it was used Nalgene 980 reinforced with PVC tubing with an I.D. of 3/8”. 

 There was also a bubble-trap, designed to prevent the entrance of air from the inlet lines into the 

column. However, it was noticed in the first run that when operating at the minimum flow rate capacity of 

the inlet pump, this equipment was not working properly and air bubbles were entering the column 

disturbing the bed expansion; therefore, the bubble-trap was by-passed in the following experiments. 

 There were two Air Sensor Flow Cell from KPelteknik (Sweden) connected to the lines before 

entering the column that were disabled during the runs. 

 This system is very versatile as it can operate with both upward and downward flow through the 

column, or even just by-pass the column; this task is controlled by two diaphragm valves. 

 After flowing through the column, the effluent was pumped out of the column using a stainless 

steel adjustable arm connected to a Watson Marlow 624U peristaltic pump (Falmouth, Cornwall, UK), with 

a maximum flow of 165 rpm, and which is manually controlled by the user directly on the pump. 

 The effluent flow rate is then measured by a Promass M mass flow meter from Endress Hauser 

(Switzerland), which is connected to the Äkta BioProcess system designed by Amersham Pharmacia 

Biotech (Uppsala, Sweden). Afterwards, conductivity, pH and absorbance, which is fixed at 280 nm by 

default, are measured and the effluent collected in bottles, drums or drained to the waste. The EBA pilot 

system just described is schematically illustrated in Figure 3.2 for better understanding of the setup. 
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Figure 3.2 – Schematic representation of the experimental setup at pilot scale, adapted from [19]. As there are more 

solutions than inlets, the sanitisation and storage solutions shared the 4
th
 inlet because at these stages there is no 

problem if air enters the column. Once more, the broth was continuously stirred during the trials. 
The solutions are pumped into the column by-passing the bubble-trap (not represented in the scheme). The effluent 

of the column is then pumped out by the Watson Marlow 624U outlet pump through the mass flow, conductivity, pH 

and absorbance meters. Then, according to the stage of the run, the flow-through can either be collected into bottles, 

drums or drained to the waste line. 

 

The system was operated using Unicorn software, version 4.0, from Amersham Biosciences, 

which can work in both manual and programmed way. Moreover, there are two ways of establishing the 

flow rate, either with feedback mode on or off. When the feedback option is on, a given flow rate in L/h is 

input by the user and the inlet pump will operate together with the mass flow meter in a closed-loop to 

keep it constant. However, in the EBA setup the mass flow meter is measuring the outlet pump flow rate 

(as it is assembled after this pump, as shown in Figure 3.2, therefore the feedback mode cannot be on 

when operating with this setup. In this case, the inlet flow rate is inserted as a percentage of the maximum 

flow rate reachable by the inlet pump instead. 
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To facilitate EBA operation, both pumps were previously calibrated (this data can be consulted in 

Appendix 8.2) and a correlation was established between the flow rate in L/h, % of maximum flow rate of 

the inlet pump and rpm. 

 

 This column was filled with resin from the same batch that was used at lab scale, Anionic Fast 

Line Q resin, and Table 3.2 displays the settled bed height and the corresponding volume of resin for the 

trials. 

Table 3.2 – Settled bed height and volume of resin used at the pilot scale system. 

Trials Settled bed height (cm) Volume of resin (L) 

Purification 23.0 1.81 

 

 

 

3.2. Buffers and feedstock preparation 

The same buffer solution, 55 mM potassium phosphate (K2HPO4, Merck batch no. A0187304 232 

and A0192001 123; BDH PROLABO batch no. 13D30010) at pH 7.4 and conductivity of 12.0 mS/cm was 

used for both equilibration and washing stages. These conditions were previously optimized by Basto 

(2012) and Lindfield (2013) to maximize product adsorption onto the resin [20], [19]. 

This buffer solution was prepared using demi-water as the calcium content of the tap water 

available was considerably high, leading to the formation of calcium phosphate that became the solution 

turbid as observed. The pH of a 55 mM K2HPO4 solution is around 8.8 and the conductivity around 10.0 

mS/cm; therefore these parameters were adjusted by adding 3.5 M phosphoric acid (H3PO4, available at 

the lab) and sodium chloride (NaCl, Merck batch no. K44316804 311, K44521004 321, K44555504 332, 

K44851204 340 and K45006504 346), respectively. 

The elution buffer used was 65 mM K2HPO4 at pH 7.4 and conductivity of 30.0 mS/cm. This 

solution was also prepared using demi-water for the same reasons explained above. The conductivity was 

raised to 30.0 by NaCl addition and the pH was also adjusted to 7.4 with 3.5 M H3PO4. 

In the sanitisation, a combination of four solutions was used to alter the binding conditions: 

basically, it consisted of a step of higher conductivity and another of higher pH. Firstly, it started with a 1 M 

NaCl solution followed by a 2 M NaCl one. The increase of conductivity is aimed in order to displace any 

proteins or biomass that may still be adsorbed onto the resin. However, this increase should be gradual to 

avoid protein precipitation because, as protein aggregates can have settle velocities similar to the bead 

ones, these may become trapped inside the column. 

Then, this is followed by a 2 M NaCl and 1 M sodium hydroxide (NaOH) solution and a 1 M NaOH 

solution that will denature the remaining proteins and flush the remaining biomass out of the column.  

After this step, the resin is stored in a 0.1 M NaOH solution. However, to store it for longer periods, 

the storage solution used is 0.01 M NaOH. 
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The crude feedstock used in these experiments was permeated broth resultant from industrial 

fermentation. A proprietary fungus strain was used to produce an enzyme and the broth was used as 

received after cells’ killing. Different batches of broth were used in the experiments and are organized in 

Table 3.3 according to experiment code. 

 

Table 3.3 – Type of broth and respective batch number used in each experiment and correspondent dilution factor to 

achieve a final conductivity of 12.00 mS/cm and product activity in AU/mL determined by HPSEC analysis. In this 

table, H stands for HETP, B for BTI, L for laboratory scale and P for pilot scale. 

 

Batch no. 
Used in 

experiment 
Dilution factor Protein Activity (AU/mL) 

#1 

H211013 
B281013 
B071113 
B221113 

2.55 
2.55 
2.58 
2.60 

n.d. 
n.d. 
n.d. 
n.d. 

#2 

L291113 
L091213 
L131213 
L060114 

2.73 
2.75 
2.59 
2.65 

1034 
1030 
1216 
1061 

#3 
P200114 
P270114 
P030214 

2.43 
2.56 
2.45 

1003 
928 

1091 

#4 
P100214 
P170214 

2.53 
2.44 

1138 
1690 

 

Before running the HPSEC analysis, a correlation is made between the peak area under the curve 

and the protein activity. This parameter was used instead of protein concentration because this is known 

with more certainty due to enzymatic essays. 

All the pH measurements were done using a pH meter pHM240 from MeterLab Instruments, and 

the conductivity was measured with a conductivity meter sensION EC71 from Hach Company. 

 

 

3.3. Understanding bed behavior and resin aging follow up 

Before starting running EBA, some conditions must be defined, in particularly the expansion factor 

which is kept constant throughout the operation. 

As to different EF correspond different void volumes inside the bed, it is pertinent to determine 

their influence on the degree of back-mixing and thus bed separation performance. This can be assessed 

by performing a Residence Time Distribution test which determines the number of theoretical plates for 

each condition. 
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Nevertheless, this test was also applied to keep up with the performance of the resin after running 

with broth and thus assess the efficiency of sanitisation; as it should be possible to perform a vast number 

of runs before the resin starts getting deteriorated for EBA to be profitable. For this reason, the resin was 

also titrated to evaluate the loss of resin capacity after running with broth. 

 

3.3.1. Residence Time Distribution test – HETP determination 

This test defines the number of theoretical plates, which is the inverse of HETP. HETP, or height 

equivalent to theoretical plate, is a way to assess the separation performance of the resin, evaluating the 

axial dispersion (back-mixing) throughout the column and thus the existence of plug flow. 

A 55 mM K2HPO4 solution (at pH 7.4 and 12.0 mS/cm) was used as the baseline and was 

pumped through the bed until an expanded factor of 2 was achieved. The adaptor at the outlet was then 

lowered so that it was at 0.5 to 1 cm distance from the surface of the bed. 

When the UV-signal is stable, a 55 mM K2HPO4 1% acetone solution (BDH PROLABO, batch no. 

13A290528) is pumped at the same flow rate until the UV-signal stabilizes at a maximum absorbance 

value. Then the first solution is pumped again until the UV-signal stabilizes again at the baseline value. 

The number of theoretical plates (N) is now calculated from the negative step signal by applying 

Equation 3.1. 

  
  

  
 Equation 3.1 

 

Where t is the mean residence time, measured since buffer solution restarts to be pumped after 1% 

acetone solution step until 50% of the maximum UV-signal and   is the standard deviation, measured as 

half of the distance between 15,85% and 84,15% of the maximum UV-signal. 

Figure 3.3 below illustrates both these variables in a schematic chromatogram of a step. 

 

 

Figure 3.3 – UV-signal recording during the test procedure for determination of the number of theoretical plates [7]. 
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The result achieved is then the number of theoretical plates for the sedimented bed height (H0) 

corresponding to the volume of resin used in the test, which divided by H0 is called the number of 

theoretical plates per metre and if then inverted is called HETP, which is then given in metres, as 

summarized in Equation 3.2. 

 

 

  

        ⁄  
 

    
 Equation 3.2 

 

 

 

3.3.2. Potentiometric titration of resin for capacity determination 

The titration analysis was performed by a third entity and its protocol consists of two steps [21]. 

Firstly the samples are pre-treated which consists of putting the samples into a column and rising off the 

storage liquid with 20 CV of milli-Q-water. After this the pH should be neutral. Then the samples are 

functionalized with hydroxide-ions by rinsing with 10 CV of a 2% (w/w) potassium hydroxide solution and 

rinsed again to pH≈8; this step took roughly 50 CV. Finally the samples were rinsed onto a G3 glass filter 

and adhering water was removed by applying vacuum [21]. 

After this pre-treatment step, the samples are ready to be titrated. The Potentiometric titration was 

performed using a Metrohm 907 titration system fitted with a pH-electrode and an 807 High precision 

Dosimat with 0.01 N HCl calibrated titrant solutions. The titration vessel was filled with 60 mL of 1 M KCl 

solution and varying amounts of resin were added; the change in pH caused by ion exchange was 

monitored. Once the pH had reached a constant value (waiting time≈15 minutes) the titration with 0.01 N 

HCl was started. The titration endpoint was determined as the maximum value of the derivative of the 

pH-change with titrant volume. From the titration endpoint (V eq) the capacity was calculated using the 

titre factor of the HCl solution, which was determined just before the titration of the samples. The results 

are expressed as milli-Equivalents of hydroxide per gram of semi-dry resin, however this is not the same 

capacity units provided by the supplier that is milli-equivalents per litre of resin [21]. 

A titre-factor of 0.00852 mol HCl/L was determined after performing three titrations on the exactly 

dosed 4.000 mL portions of a recently standardized 0.01 M NaOH solution [21]. 
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3.4. Breakthrough analysis 

As the broth loaded onto the column does not go under any prior purification step to remove the 

biomass content, a mass balance, expressed in turbidity units and calculated by the Biomass 

Transmission Index (BTI), was established to assure that there is no accumulation of biomass inside the 

column. 

This method was also useful to keep up with biomass concentration throughout the different 

chromatographic steps at lab scale. 

 Mass balance calculation was performed after loading both homogenized and non-homogenized 

broth. The homogenization protocol followed is described thereunder. 

 

3.4.1. Biomass Transmission Index 

The Biomass Transmission Index (BTI) was measured in FTU, Formazin Turbidity Units, with a 

turbidity meter HI 93703 from HANNA Instruments (1000 FTU on empirical formazin turbidity scale 

represents reflectance of insoluble reaction products of 0.0725 g hydrazine sulfate with 0.7250 g 

hexamethylenetetramine diluted to 1 L). 

 BTI is determined to assess whether there is any biomass left in the column after a run and it is 

given in percentage of biomass that comes out of the column by Equation 3.3. 

        
∑          

     

         
 

           

          
 Equation 3.3 

 

Fractions were collected during the run since the start of the loading until the end of the elution 

step. These were weighted and appropriately diluted so that the FTU measure fitted within the linear 

range of the regression biomass concentration against FTU of the turbidity meter, which was previously 

verified. 

The broth was weighted before and after the run to know the exact amount loaded and its turbidity 

was measured after being properly diluted. 

Thus, this method is an easy and straightforward way to make a mass balance to the column, 

which idyllically is closed before the elution phase as it is desirable for all biomass leave the column 

during the washing step. 

 

3.4.2. Broth homogenization 

The broth was homogenized one time at 800 bar in a Panda 2K homogenizer from GEA Niro 

Soavi (Parma, Italy). This equipment has a standard flow rate of 10 L/h and a maximum working pressure 

of 2.000 bar. 
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The inlet reservoir was refrigerated by recirculating water at 4°C from an Ecoline RE-220 heat 

exchanger from Lauda (Germany) in its cooling jacket to reduce product degradation by high 

temperatures. 

 

3.5. Quantitative and qualitative analysis 

At a first approximation, activity was determined by HPLC-SEC which results allow to estimate the 

number of CVs of diluted broth to be loaded onto the column, to have an overview of protein breakthrough, 

to establish the product mass balance and also to calculate yields. 

SDS-PAGE was used as qualitative comparison of product samples and final products purified by 

EBA, after previously normalizing the activity based on HPSEC results. No quantification was done. 

Side activities were determined (analysis department) to assess the purity of the final product and 

to measure the amount of impurities present in order to compare with product specifications.  
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4. Results and Discussion 

 

This chapter comprises the results obtained from the experiments done at laboratory and at pilot 

scale while aiming EBA optimisation and scale-up. Furthermore, some complementary studies and 

analysis that were performed, such as bed performance and resin titration are also included. 

 

4.1. Study of bed behaviour and performance 

Before starting the enzyme purification with EBA, it was necessary to understand how the bed 

expansion varies with the flow rate and also when using solutions with different viscosities. Besides, it was 

also critical to assess the bed resolution and performance at different EF and using solutions of different 

viscosities as well, so that the best EF is selected at which the following purification experiments occur. 

Three EF were studied, 1.75, 2.00 and 2.25. This range was suggested as the one that provided 

the best results both in the literature and in the report of a former intern [19]. 

 

4.1.1. Expansion factor as a function of flow rate and viscosity 

 To study the effect of the flow rate in the bed expansion when using solutions of different 

viscosities, some tests were performed using a buffer solution with the same composition as the 

equilibration and washing buffer solution, 55 mM K2PO4 at 12.00 mS/cm and pH of 7.4, to which was 

added glycerol according to the percentage desired. 

 Then, in turns each solution was pumped in the column and for a given flow rate applied, the bed 

was allowed to stabilize for some minutes before the value being written down. 

Linear tends can be obtained from the data shown in Figure 4.1 within the range of EF tested and 

for each viscosity used. Similar linear trends were observed in a previous report, however a different batch 

of resin and different settled bed height were used for those experiments and therefore, for the same 

viscosity, slopes consistently lower were achieved in [19]: 10% glycerol 0.145 and 0.093; 20% glycerol 

0.240 and 0.131; 30% glycerol 0.336 and 0.168 (respectively, value in this report and in [19]). 

These trend lines (dashed in Figure 4.1) were used afterwards to estimate the flow rates required 

to achieve a certain expansion factor with both buffer and diluted broth, which viscosity can be 

approximated to a 20% glycerol solution. 

 

As it was previously discussed in Chapter 2.2.1, three main forces are acting on the beads: weight, 

buoyancy and drag force. This last force is strongly dependent on the viscosity of the fluid (see Equation 

2.5) due to the drag coefficient ( ), which in laminar flow is defined by Equation 2.6. This parameter 

represents the frictional effects and shear stress between the fluid and the beads and is inversely 

proportional to terminal Reynolds. However, this constant, given by Equation 2.7, is inversely proportional 

to viscosity, which means that the drag coefficient in directly proportional to viscosity (see Equation 4.1, 
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obtained from Equation 2.6 and Equation 2.7) and hence, to increasing viscosities correspond increasing 

drag coefficients and thus greater will also be the drag force which will cause a further expansion of the 

bed, leading to different and higher slopes. 

  
   

      

 Equation 4.1 

So, the data presented in Figure 4.1 is as expected, for solutions of increasing viscosity the linear 

velocity required to achieve the same expansion factor decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, from the information presented on Chapter 2.2.1, the expansion factor can be 

expressed as a function of linear velocity. 

Firstly, Equation 2.8 is rearranged isolating bed-void fraction. Then the resultant expression is 

inserted in Equation 2.12 and Equation 4.2 is obtained. 

   
 

  

 
      

   √
 
  

 
 

 Equation 4.2 

The Richardson-Zaki correlation exponent, calculated by Equation 2.9 or Equation 2.10, and the 

terminal velocity only depend on physical properties of the solution and adsorbent used, therefore they are 

constant for this set of experiments as both the solutions composition and the adsorbent were not 

changed. 

As shown in Equation 4.2, the correlation between EF and linear velocity is not linear; actually it is 

like Figure 4.2 illustrates: for lower velocities their correlation can be assumed linear and thus for creeping 

 

Figure 4.1 – Expansion factor as a function of flow rate of the inlet 

pump and viscosity achieved using equilibration buffer solutions 

with different glycerol concentrations (0%, 10%, 20% and 30%). 

1

1,2

1,4

1,6

1,8

2

2,2

2,4

2,6

2,8

3

0 1 2 3 4 5 6 7 8 9 10

E
x
p

a
n

s
io

n
 f

a
c
to

r 

Linear velocity (cm/min) 

0% glycerol

10% glycerol

20% glycerol

30% glycerol



40 

 

flow; but extrapolation should be done carefully as this function has an asymptote (shown in Figure 4.1), 

which has no physical meaning, and therefore the graph is no longer linear when getting closer to the 

asymptote. It is thus acceptable to consider a linear correlation for a certain range of linear velocities. 

As only four points are represented in Figure 4.1, it looks like there is indeed a linear correlation, 

which was acceptable but only within the range of EF studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 4.2 – Illustration of the EF as a function of the 

linear velocity according to Equation 4.2. 
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4.1.2. Plates per metre as a function of expansion factor and viscosity 

The study of the bed goes on with the evaluation of separation performance at the EF of 1.75, 

2.00 and 2.25; this was achieved by performing a residence time distribution test. The number of plates 

per metre was calculated for each EF and at different viscosities; the results are summarized in Figure 4.4. 

Figure 4.3 illustrates a typical step from which the number of plates per metre is calculated. 

 Note that the farther the adaptor is from the surface of the bed the greater is the dilution of the 

column effluent, which has a direct effect on the results obtained, so the distance between the adaptor 

and the surface of the bed should be as short as possible and kept constant through all the experiments. 

 

Figure 4.3 – Typical step performed with 1% acetone tracer used for plates per metre determination. 

 

This figure represents one of the steps achieved for the tracer used and that allowed to calculate 

the HETP from the negative slope of the step as it is described in Chapter 3.3.1. 

 

As the system was being operated for the first time, duplicates were performed for the first results 

achieved with 0% and 10% glycerol solutions to check the results previously obtained. However, to have 

an estimation of experimental variability and significance of this data, triples should have been done for all 

conditions used. All the results are presented in Figure 4.4. 

The number of plates per metre was also calculated from a conductivity step by using broth at 30 

and 50 mS/cm (H211013). These conductivities where picked because no protein adsorption is expected 

to happen at such high conductivities. All the results obtained are presented in Figure 4.5. 

Max Abs (100%)

50% max Abs

84.15% max Abs

15.85% max Abs

Time 0
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Figure 4.4 – Number of plates per metre as a function of the 

bed expansion and viscosity for increasing glycerol 

concentrations. These values are the result of an acetone 

solution step. Duplicates were performed for 0% and 10% 

glycerol concentration solutions (shown in the same colour 

but different patterns). 

Figure 4.5 – Number of plates per metre as a 

function of the bed expansion. These values were 

determined from a conductivity step using broth at 

30 and 50 mS/cm (30 mS/cm for the baseline and 

50 mS/cm for the step; H211013). Batches A and B 

correspond to different broth preparations at 30 and 

50 mS/cm. 

 

From the analysis of Figure 4.4, it can be concluded that there is no considerable influence of a 

greater expansion factor for higher viscosities (20% and 30% glycerol concentrations) as the performance 

translated in plates per metre is relatively constant within the range studied. 

 For lower viscosities, higher number of plates per metre is achieved for an EF of 2.25. 

 The data points presented in Figure 4.4 were plotted in HETP as a function of linear velocity as an 

attempt to correlate them with the van Deemter equation (see Equation 2.16). 

 Again, when viscosity increases, the drag force acting on the beads also increases which caused 

the observed further expansion of the bed. Taking a closer look at Figure 4.6, it seems that parameter C 

from van Deemter equation has a bigger role when using higher viscosities as, after achieving a minimum 

HETP, this increases again to higher linear velocities. Thus it seems that there is a higher resistance to 

mass transfer when using more viscous solutions even though lower linear velocities were used, which 

also contributes to the increase of the B term role and thus to an higher HETP. 

For lower viscosities (0% and 10%), at an EF of 2.25, the minimum HETP may not have been 

reached yet. Furthermore, it seems consensual that the minimal HETP is lower for less viscous solutions, 

to which the A term may have a lower role. 

Further investigation needs to be done in order to correlate the effect of increasing viscosity on 

the parameters that contribute to HETP calculation in order to contemplate the characteristics of this 

system in all the parameters. Besides there is a lack of validation as there are only three points per 

solution and no triplets were done. 
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In conclusion, it seems that a better bed performance is achieved when using simultaneously 

lower viscosities and greater expansion factors, i.e., voidage, within the studied range. 

 From Figure 4.5, representative of the performance of the bed when facing a conductivity step, 

although it is clear that the number of plates per metre increases when increasing the EF from 1.75 to 

2.00, from 2.00 to 2.25 it is not possible to identify the same trend as it appears to be constant, and in 

addition the result obtained for 2.25 lacks validation.  

 

Figure 4.6 – Results from Figure 4.4 represented in HETP as a function of linear velocity. 
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4.2. Biomass mass balance to EBA at laboratory scale 

 

Before starting with the purification experiments, some similar trials were performed to assess if 

the biomass mass balance could be closed using the protocol suggested by the previous intern [19]. 

 As in previous works [19] the sanitisation protocol was not being efficient and the resin was 

starting to form aggregates, this was substitute by a more extensive one suggested in [22] that includes a 

sequence of the following solutions: 1M NaCl, 2M NaCl, 2M NaCl 1M NaOH and 1M NaOH. 

 Three runs were performed, which include one experiment using homogenized broth and two 

experiments that were performed using new resin. The respective protocols followed are summarized in 

Table 4.1; the composition of the buffer solutions used in each step was referred in Chapter 3.2. 

 

Table 4.1 – Summary of number of CVs per step used in each experiment for BTI calculation, with non-homogenized 

and homogenized broth (Homog.) and the settled height (H0) of either new or used resin. The range of linear velocities 

used in sanitisation and the number of CVs according to each solution is also presented. (A – 1M NaCl; B – 2M NaCl; 

C – 2M NaCl 1M NaOH; D – 1M NaOH) 

 

#Run Homog. 
New 

resin/H0 
Equilibration 

(CV) 
Loading 

(CV) 
Washing 

(CV) 
Elution 

(CV) 
Sanitisation 
(CV) (cm/h) 

Storage 
(CV) 

B281013 N 
N 

21.2 cm 
2 10 7 8 

A – 2 
B – 2 
C – 2 
D – 2 

>300 cm/h 

5 

B071113 N 
Y 

19.2 cm 
2 8 7 8 

A – 2 
B – 2 
C – 3 
D – 4 

>300 cm/h 

5 

B221113 Y 
Y 

20.9 cm 
3 8 7 8 

A – 2 
B – 2 
C – 3 
D – 4 

<200 cm/h 

5 

 

 Fractions were collected throughout the experiments and their turbidity was measured as well as 

the turbidity of the broth loaded. These samples were properly diluted every time the measured value fell 

out of the linear range of the turbidity meter. 

The results were then multiplied by the weight of the corresponding fractions which allowed to 

establish the biomass mass balance by BTI calculation as shown in Equation 3.3 and also to evaluate the 

presence of biomass in the different steps of the run by representing the results in a graph. 

 The feedstock loaded corresponds to 8-10 CV which is equivalent to a volume of 585-732 mL. 

 A BTI of 87% was calculated from the application of Equation 3.3, which means that 13% of the 

biomass that was loaded into the column didn’t come out. This difference may be due to some loss before 
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the start and after stopping the fractionation. To prevent this from happening, more fractions were 

collected in the following experiments.  

 After this run (B281013), it was noticed that the resin was flaky and aggregated forming discrete 

blocks that were dragged as a whole through the column when applying a certain flow and hence it 

became impossible to expand the bed (see Figure 4.7). 

 

 

 

Figure 4.7 – Pictures of resin aggregated, from left to right: irregular top of the bed; attempt to expand the bed while 

resin was aggregated and lifting as a whole; resin after poured out of the column. 

 

Bearing in mind the obtained BTI, it is likely that some biomass remained attached to the resin 

causing the observed aggregation, meaning that both washing and sanitisation steps were not efficient in 

removing all the biomass. 

 When using new resin (B071113) the BTI increased to 92%. Nevertheless, even when increasing 

the volume of sanitisation solutions (see Table 4.1), aggregation of the resin was still observed - Figure 

4.8 (A) - and once again it was impossible to further expand the bed after one single run. 

 

 

(A) (B) 

file://nldlf12w8fs003/users2$/832509/My Documents/832509/_TESE_/Q resin flaky/expanding with 20ml.min-1 and 30ml.min-1.mp4
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Figure 4.8 – Pictures of the state of the resin: (A) Bed behaviour when applying a flow rate after trial B071113; (B) 

New resin at optical microscope (100x); (C) Sample of aggregated resin at optical microscope (100x) after trial 

B071113. 

 

 Samples of new resin and aggregated resin from trial B071113 were visualized at a magnification 

of 100x using an optical microscope (see Figure 4.8 (B) and (C)) and it was clear that the resin beads tend 

to aggregate when contacting with broth. 

  

 It was hypothesised that polyanion molecules (such as large molecular weight nucleic acids) 

crosslink the resin particles, promoting aggregation as described [12] - Figure 4.9. 

 

Figure 4.9 – Schematic illustration of bed behaviour during application of calf thymus DNA to expanded beds of 

anion-exchangers: 1 – no cross-linking; 2 – cross-linking from the column bottom; 3 – particle movement frozen; 4 – 

cracks and channels appear in the bed; 5 – bed top surface becomes uneven; 6 – bed breaks into two or more parts. 

The arrows indicate reversible (↔) and irreversible (→) transitions [12]. 

 

 The steps described in Figure 4.9 were observed after both trials B281013 and B071113, strongly 

suggesting DNA as the key factor. 

 As an attempt to confirm if DNA was indeed adsorbing onto the beads, a staining test was 

performed using Syto9, a fluorescent stain commonly used to detect nucleic acids. 

(C) 
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Firstly, two tests, negative and positive, were performed to verify the application of this stain; 

therefore, the negative test contained new resin and Syto9, and no fluorescence was detected, the 

positive one contained new resin, Syto9 and genomic DNA concentrated, and a fluorescent sign was 

identified (see  Figure 4.12 (A)). It was confirmed the applicability of Syto9 in staining DNA adsorbed on 

the beads. 

Then, a sample of aggregated resin was stained - Figure 4.10 (B) - and a fluorescent signal on the 

surface of the bead was identified, confirming DNA adsorption on the beads. 

  

Figure 4.10 – Fluorescent microscope pictures: (A) Positive test for Syto9, generated by adding genomic DNA, new 

resin and Syto9; (B) Sample of used resin taken after experiment stained with Syto9. 

 

 In order to avoid the undesired adsorption of DNA to the adsorbent medium, as it will compete 

with the protein for the binding sites, fresh broth (i.e., up to one week old counting from the 

end-fermentation date) should be used in the purification because this is poorer in nucleic acids in 

suspension. 

 

 This aggregation phenomenon was hypothesized to be correlated with broth aging because cell 

lises is expected to happen releasing all the macromolecules, such as nucleic acids that are negatively 

charged and may thus interact with the adsorbent, and cell components in the suspension. This 

enrichment of the suspension in nucleic acids is not immediate because the cells in the broth are solely 

permeabilised and at start the nucleic acids are located inside the nucleus and so its release is rather 

gradual. 

A collection of sanitisation conditions was done after researching the literature as an attempt to 

find a better and more efficient sanitisation protocol that would avoid resin aggregation and allow its 

reutilization. 

The common solutions and contact time used in sanitision protocols collected from the literature 

are summarized in Table 4.2. The main difference between the literature and the conditions used is the 

contact time, as the solutions used (NaCl and NaOH) are among the ones suggested. Then, the linear 

velocity used in the sanitisation step was reduced to less than 200 cm/h in the following experiments, 

which corresponded to a total contact time of 1 h. By reducing the linear velocity, there is more time for 

diffusion to happen inside the stagnant layer that surrounds the beads and the pores, and thus mass 

(A) (B) 
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transfer resistance decreases and the molecules that are adsorbed in the pores inside the beads are more 

likely to be washed away. 

 

Table 4.2 – Collection from the literature of common solution and contact time used in sanitisation protocols and also 

the ones used in the experiments performed. 

 

 Recommended Applied 

Solutions 

NaCl 

NaOH 

Urea 

Isopropanol 

Acetic acid 

NaCl 

NaOH 

Contact time 1 - 4 h 15 - 18 min 

 

A third experiment with homogenized broth was done concerning the biomass mass balance topic 

(B221113). In this experiment, the contact time of each sanitisation solution was also increased by 

decreasing the linear velocity (see Table 4.1). 

The homogenization was performed envisaging the reduction of both biomass and big strands of 

DNA to small pieces that may still adsorb on the beads but it was hoped that the cross-linking would be 

circumvented and also the aggregation. 

A BTI of 99% was achieved in this trial, meaning that no biomass remained inside the column 

after the run. And, although there was a 36% reduction in the number of plates per metre (see Appendix 

8.3) that would indicate a decrease of bed performance, visually the resin appeared to be “as good as 

new”. 

Even though now it’s not clear if these good results are attributed to the utilization of homogenized 

broth or to the increased contact time, this same sanitisation protocol was used in the following 

experiments addressed in the next chapters using non-homogenized broth and the resin state was 

substantially stable. 

 

 

The results of the turbidity meter for each fraction can be represented in a bar graph after being 

multiplied by the corresponding weight as represented in Figure 4.11 for the experiment B071113. 

The graphs resultant from the experiments B281013 and B221113 can be consulted in Appendix 

8.4. 

The representation of the turbidity results in Figure 4.11 allows to have a clearer distribution of the 

presence of the biomass in the column effluent during the several chromatographic steps. In particular it is 

desirable to decrease the turbidity during the washing so that the eluate contains as little biomass as 

possible. And, what is more, the sanitisation efficiency in biomass removal can also be assessed as the 
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turbidity is expected to decrease to zero at the end of the sanitisation. However, make notice that in 

Figure 4.11 only the beginning of the sanitisation was collected in fractions, so a more exhaustive 

collection of fractions during the sanitisation should be perform in this case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 4.11 – Turbidity measured in FTU of the collected fractions throughout trial 

B071113 for BTI calculation using non-homogenized broth and new resin. Only the elution 

and sanitisation data is amplified in the inset. (Eq – equilibrium; L – loading; W – washing; 

E – elution; S – sanitisation). 
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4.3. EBA at laboratory scale 

 

The purification process studied includes an EBA chromatography followed by a plate filtration 

and an ultrafiltration for product concentration. These unit operations were optimised aiming yield 

maximisation, which is calculated from the HPSEC analysis of the fractions. 

4.3.1. Optimisation of operation conditions to maximize yield 

Four experiments were performed at laboratory scale and the protocols used are summarized in 

Table 4.3, as well as the respective linear velocities applied. All experiments were done using the same 

amount of resin, characterized by a settled bed height of 23.3 cm. 

The composition of the solutions used was described in Chapter 3.2 and all minor adjustments 

made are presented in Table 4.3. 

 

Table 4.3 – Summary of number of CVs and linear velocities per step used in each experiment for EBA optimisation 

at laboratory scale (I.D.= 2 cm). All experiments were performed with a settled bed height of 23.3 cm and at an EF=2. 

As an example of how this table should be read, the sanitisation step of experiment L291113 is 2CV of solution A, the 

first at 367 cm/h and the second at 191 cm/h, 2CV of solution B, 3CV of C and 4CV of D, all at 191 cm/h. (A – 1M 

NaCl; B – 2M NaCl; C – 2M NaCl 1M NaOH; D – 1M NaOH) 

 

#Run 
Equilibration 

(CV; cm/h) 
Loading 

(CV; cm/h) 
Washing 

(CV; cm/h) 
Elution 

(CV; cm/h) 
Sanitisation 
(CV; cm/h) 

Storage 
(CV; cm/h) 

L291113 
3 

367 
10 

210 
3, 4 

210, 367 
8 

367 

A – 1,1 
367, 191 

B – 2 
C – 3 
D – 4 
191 

1, 4 
191, 367 

L091213 
3 

458 
6.5 
229 

3, 4 
229, 458 

8 
458 

A – 1,1 
458, 191 

B – 2 
C – 3 
D – 4 
191 

1, 4 
191, 458 

L131213 
3 

451 
9.5 
248 

3, 4 
248, 451 

5 (@ 30 mS/cm) 
3 (@ 50 mS/cm) 

451 

A – 1,1 
451, 191 

B – 2 
C – 3 
D – 4 
191 

1, 4 
191, 451 

L060114 
3 

466 
4

a
 

267 

3, 4 
267, 466 

 

2 (@ 15 mS/cm) 
2 (@ 20 mS/cm) 
2 (@ 25 mS/cm) 
2 (@ 30 mS/cm) 

466 

A – 1,1 
466, 191 

B – 2 
C – 3 
D – 4 
191 

1, 4 
191, 466 

a 
8CV were planned to be loaded  but due to a pumping error of the inlet pump only 4 were actually loaded. 
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Usually a few trials are performed at start in which the column is overloaded to determine the 

exact number of CVs that match the planned breakthrough by determining the dynamic binding capacity; 

this was calculated from experiment L291113 and L131213. In Figure 4.12 the percentage of 

breakthrough is represented for all four experiments as a function of the activity units loaded per volume 

of resin, represented as resin capacity. 

 

 

Figure 4.12 – Breakthrough percentage as a function of AU of product loaded per millilitre of resin. 

 

 From the analysis of Figure 4.12 it was concluded that there is no early breakthrough while broth 

is being loaded onto the column which is a positive indicator of the existence of plug flow, and that the 

capacity of the resin was stable from the first to the third run (L291113 and L131213, respectively), around 

7500 AU per millilitre of resin. 

  

Figure 4.13 illustrates a typical chromatogram of a run with EBA at laboratory scale where the 

in-line measurements of UV at 280 nm and conductivity are represented in a relative scale to their 

respective maximum values. Product concentration of the collected fractions is also represented in the 

graph; however these are off-line measures as they result from the HPSEC analysis performed afterwards. 
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The product yield was calculated for each unit operation and experiment, as well as the enzyme 

mass balance after HPSEC analysis of the collected fractions, of the pool, filtrate, concentrate and 

permeate; the results are summarized in Table 4.4. 

 

Table 4.4 – EBA, FAP and UF yields for each experiment, corresponding global yield and product mass balance; all 

these values were determined from HPSEC analysis results. 

 

 

  

Figure 4.13 – Representation of the relative absorptivity at 280 nm and conductivity to the respective maximum value 

(left axe) (in-line measurements) and representation of product activity on each of the collected fraction throughout 

run L091213 (off-line measurement by HPSEC). The chromatograms for the other experiments are gathered in 

Appendix 8.5.(Eq – equilibrium; L – loading; W – washing; E – elution; S – sanitisation) 

Unit Operation 

Yields (%) 

L291113 L091213 L131213 L060114 

EBA 51%
a
 87% 63%

a
 90% 

FAP 95% 93% 89% 99% 

UF 90% 100% 100% 100% 

Global 49% 81% 56% 98% 

Product mass balance 95% 90% 84% 90% 

a
 These values are due to some loss of product in the breakthrough for capacity determination, respectively 37% and 

22% in loading and washing steps.
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 The yields obtained for experiments L291113 and L131213 are considerably low (51% and 63%, 

respectively) because the purpose of these experiments was also the estimation of the breakthrough 

capacity. For these experiments, respectively 37% and 22% of the target enzyme was lost during loading 

and washing steps. Based on the capacity calculated from the breakthrough of L291113 and L131213 

(7500 AU/mL), the amount of broth loaded for the subsequent runs was calculated in order to minimise 

the breakthrough (6.5 CV; ≈475 mL). 

 The total enzyme mass balance of the system was also calculated for each experiment with an 

average of 90%, meaning that the mass balance was not closed. The chance that some enzyme 

remained adsorbed onto the matrix was not completely put aside and therefore, different elution protocols 

were experienced as an attempt to maximise protein recovery. 

According to the last fraction shown in Figure 4.13, while sanitisation takes place product 

concentration increases in the first collected fractions and for this reason a two steps elution at 30 and 50 

mS/cm was performed in experiment L131213 with the aim of increasing the amount of protein recovered 

by increasing the conductivity, similarly to what is observed at the beginning of the sanitisation. However, 

the step at 50 mS/cm had no effect in the elution of the target enzyme, as shown in Figure 8.8. 

Moreover, a gradient-like elution was done in experiment L060114. This was divided into 4 steps 

of increasing conductivities: 15, 20, 25 and 30 mS/cm. 

A yield of 90% was achieved in this run, and even though the conductivity of 15 mS/cm has no 

effect on protein recovery, the results suggest that a slower increase in conductivity may be beneficial to 

maximise the recover yield. 
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4.3.2. Number of plates per metre as a function of resin utilization 

 The number of plates per metre was determined before and after each run to evaluate the effects 

of broth and of the new sanitisation protocol (see Table 4.3) on resin performance. Two identical columns 

were used during the experiments at laboratory scale and the results achieved are presented in Figure 

4.14 and Figure 4.15. 

 

59% decrease was observed in the number or plates per metre after performing experiment 

L291113 with fresh broth. 

There is no data for experiment L091213 because the determinations were done using different 

columns. 

In experiment L131213 it was used broth two weeks older than in experiment L291113 and the 

same sanitisation protocol was followed. A slight decrease of 19% was observed in the number of plates 

per metre. 

The last experiment at small scale (L060114) was performed three weeks after the previous one 

(L131213), so the broth loaded was five weeks older counting from the moment it was received and the 

resin still appeared loose at the end. During the gap between the last two experiments, both the resin and 

the column were stored in 0.01 M NaOH. 

However, as results achieved with different columns cannot be compared, this is too little data to 

draft any conclusion. 

 

 

 

 

 

 

Figure 4.14 – Plates per metre calculated 

before and after a trial with broth calculated 

by applying a 1% acetone-buffer solution 

step – column 1. 

Figure 4.15 – Plates per metre calculated before and after a trial with 

broth calculated by applying a 1% acetone-buffer solution step – 

column 2. 
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4.3.3. Conclusions taken of laboratory experiments to be applied on pilot scale 

 After all these experiments performed at laboratory scale, it was concluded that the contact time 

should be increased during sanitisation step and that the broth used should be as fresh as possible, to 

minimize undesired interactions with the resin. 

 It was also noticed that a slower increase in conductivity during elution maximises protein 

recovery. However, a gradient is not practical at pilot scale and therefore no change will be applied to 

elution step protocol, at least before observing the first pilot outcome.  

The following protocol presented in Table 4.5 is suggested to operate at pilot scale, while settled 

bed height and EF are kept constant among scales. 

 

Table 4.5 – Protocol to be used on pilot after laboratory experiments. (A – 1M NaCl; B – 2M NaCl; C – 2M NaCl 1M 

NaOH; D – 1M NaOH) 

 

Equilibration 
(CV) 

Washing 
(CV) 

Elution 
(CV) 

Sanitisation 
(CV) 

Storage 
(CV) 

3 3 
a
, 4 8 (@ 30 mS/cm) 

A – 1,1 
b
 

B – 2
 b
 

C – 3 
b
 

D – 4 
b
 

1 
b
, 4 

a 
This volume is applied at the same linear velocity at which broth is loaded. 

b 
This volumes are pumped at 191 cm/h. 
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4.4. EBA at pilot scale 

 

The protocol developed for the EBA purification of the target enzyme at laboratory scale was 

scaled-up to pilot; likewise this was followed by a plate filtration and by an ultrafiltration. All these unit 

operations were optimized aiming yield maximisation, which is calculated from the results of HPSEC 

analysis of the samples and fractions taken. 

 

 

4.4.1. Optimisation of operation conditions to maximize yield 

Five experiments were performed at pilot scale. The protocols followed and linear velocities used 

in each chromatographic step are summarized in Table 4.6. All these experiments were done using the 

same amount of resin and the settled bed was characterized by a height of 23 cm. 

The composition of the buffer solutions used was described in Chapter 3.2. 

 

Table 4.6 – Summary of number of CVs and linear velocities per step used in each experiment for EBA optimisation 

at pilot scale (I.D.= 10 cm). All experiments were performed with a settled bed height of 23 cm and at an EF=2. As an 

example of how the table should be read, the sanitisation step of experiment P030214 includes 4CV of solution A, the 

first at 524 cm/h and the remaining in a sequence of 186 and 655 cm/h, 4CV of solution B, 4CV of C and 4CV of D, all 

pumped interchanging between 186 and 655 cm/h. (A – 1M NaCl; B – 2M NaCl; C – 2M NaCl 1M NaOH; D – 1M 

NaOH) 

 

#Run 
Equilibration 
(CV; cm/h) 

Loading 
(CV; cm/h) 

Washing 
(CV; cm/h) 

Elution 
(CV; cm/h) 

Sanitisation 
(CV; cm/h) 

Storage 
(CV; cm/h) 

P200114 
1, 2 

315, 587 
6 

278 
3, 4 

276, 472 
8 

430 

A – 1, 1 
587, 186 

B – 2 
C – 3 
D – 4 
186 

1, 4 
186, 587 

P270114 
1, 2 

315, 511 
6 

281 
3, 8 

278, 419 
8 

419 

A – 1, 1 
524, 186 

B – 2 
C – 3 
D – 4 
186 

1, 4 
186, 524 

P030214 
1, 2 

315, 589 
6 

321 
3, 8 

294, 524 
8 

524 

A – 1, 3 
524, 186-655 

B – 4 
C – 4 
D – 4 

186-655 

1, 4 
186, 720 

P100214 
1, 2 

315, 602 
5.5 
291 

3, 8 
294, 608 

8 
560 

A – 1, 1, 2 
608, 786, 186 

B – 1, 3 
C – 1, 3 
D – 1, 3 
786, 186 

1, 4 
186, 786-1047 
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P170214 
1, 2 

315, 707 
1.5

 a
 

294 
3, 8 

294, 637 
8 

642 

A – 1, 1, 2 
608, 786, 186 

B – 1, 3 
C – 1, 3 
D – 1, 3 
786, 186 

1, 4 
186, 786-1047 

a 
6 CV were planned to be loaded but due to a pumping error of the inlet pump only 1.5 were actually loaded. 

 

 Prior to run with broth, some attempts to expand the bed were performed and it was observed that 

the bed was more easily stabilised at the desired EF when the flow rate is gradually increased to the 

determined value. For this reason, the equilibration step was divided into two stages: the first CV at an 

intermediate flow rate and the next two at the flow rate that allows to achieve the desired EF. 

 

 In order to have an estimation of the number of CVs of broth to load, the activity of the target 

protein in the feedstock was previously determined by HPSEC. 

The volume of broth loaded and the moment at which samples were taken were both registered 

during the run; therefore it was possible to calculate the resin capacity at 2-3% of protein breakthrough for 

each run because to a given sample (with a protein activity determined by HPSEC) corresponds a certain 

volume of broth loaded up to collection moment. These results were plotted in a graph as a function of the 

number of runs with broth, which is shown in Figure 4.16. The average of the results and range between 

standard deviations are also plotted. 

In the fifth experiment (P170214) the bed was not saturated and as no breakthrough was 

observed, it is impossible to calculate the total resin capacity; hence this run is not represented on Figure 

4.16. 

 

Figure 4.16 – Resin capacity as a function of the number of runs in pilot scale. These values were determined for a 

breakthrough of 2-3%. The average is represented by the full line and the standard deviations from the average by 

the dashed lines. 
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 From Figure 4.16, one can conclude that there is a certain consistency in the resin capacity run 

after run because, and taking into account that activity is indirectly measured and thus has an inherent 

variability, all the values are within the range [mean - standard deviation; mean + standard deviation]. 

 

 During the course of the first experiments (P200114) it was noticed that the eluting fractions were 

still very rich in biomass; therefore the volume used in the washing step was increased in the next runs 

from 3 plus 4 to 3 plus 8 in order to reduce it. The turbidity of the elution fractions after this adjustment 

was within the same range of the elution fractions collected at laboratory scale (<100 FTU for non-diluted 

elution samples). 

  

 Figure 4.17 illustrates a typical chromatogram of an EBA run at pilot scale where the in-line 

measurements (UV at 280 nm and conductivity) are represented in a relative scale to their respective 

maximum values. Product activity of the collected fractions is also represented in the graph; however 

these are off-line measures as they result from the HPSEC analysis performed afterwards. 

 

Figure 4.17 – Representation of the relative absorptivity at 280 nm and conductivity to the maximum value (left axe) 

(in-line measurements) and of product concentration of each collected fraction throughout run P030214 (off-line 

measurement by HPSEC). The chromatograms of the other experiments are collected in Appendix 8.6. (Eq – 

equilibrium; L – loading; W – washing; E – elution; S – sanitisation) 

 

The adjustments to sanitisation step were discussed in Chapter 4.4.2, where they were correlated 

to bed performance. 

The several product yields of each unit operation and experiment were calculated as well as the 

enzyme mass balance after HPSEC analysis of the collected fractions, of the pool, filtrate, concentrate 

and permeate; the results are summarized in Table 4.7. 
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Table 4.7 – Summary of EBA, FAP and UF product yields for each experiment and corresponding global yield. 

Product mass balance results determined from HPSEC analysis are also presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 A 77% EBA yield was calculated for the first experiment (P200114) and as it is missing 23% of the 

total enzyme loaded, a more exhaustive collection of samples and fractions was performed in the 

following experiments, so that it became possible to calculate both product yield and mass balance. 

 Similarly to what was observed at laboratory scale, it was also not possible to close the enzyme 

mass balance at pilot which can be either due to enzyme that remained adsorbed onto the matrix or to 

protein that left the column in the non-collected fractions of the sanitisation. 

 

 The best yield achieved, 83%, corresponds to experiment P030214; nevertheless, experiment 

P270114 results are also interesting with a mass balance of 95% and even though 12% of the enzyme 

was lost during loading and washing steps, a yield of 80% was achieved. 

In experiment P100214, an unexpected early breakthrough was observed (see Figure 8.11), 

although the volume of broth loaded was slightly lower than the one used in the previous runs (5.5 CV to 6 

CV), the running protocol was not changed, and still 17% of the target enzyme was lost in the early 

breakthrough before elution. 

 Nevertheless, it can be observed in Table 4.7 that the percentage of mass balance was gradually 

decreasing and, in particular in experiment P170214, only 40% of the total enzyme that was loaded came 

out in the elution. 

As proteins in general tend to form aggregates, dimers, tetramers and so on, it is possible that 

these large proteins block the access to the pores in the beads preventing the proteins that are inside 

them to escape; besides all possible biomass or nucleic acids interactions with the adsorbent already 

observed at laboratory scale. None of these background interactions is desirable as they may decrease 

resin capacity and thus jeopardize its efficient reutilization, and also reduce bed separation performance. 

Unit Operation 

Yields (%) 

P200114 P270114 P030214 P100214 P170214 

EBA 77%
a
 80%

b
 83%

c
 64%

d
 40%

e
 

FAP 95% 95% 99% n.d. 83% 

UF 100% 100% 100% n.d. 82% 

Global 73% 76% 82% n.d. 27% 

Product mass balance n.d. 95% 87% 77% 40% 

a
 No breakthrough data. 

b
 12% of total product mass breakthrough in loading and washing steps. 

c
 3% of total product mass breakthrough in washing step. 

d
 17% of total product mass breakthrough in loading and washing steps. 

e
 0% of total product mass breakthrough in loading and washing steps. 
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It is also worth to mention that product leaving the column during sanitisation with high pH is not detected 

on HPSEC and therefore is not considered in the calculations; but it is preferable for the target enzyme to 

leave the column during elution. 

To avoid these problems the main suggestion is again to use fresh broth and further investigate 

fouling of the beads and broth components interaction with the resin. 

 

 

4.4.2. Number of plates per metre as a function of resin utilization 

Similarly to what was done at laboratory scale, the number of plates per metre was also 

determined before and after each run with broth on pilot to follow up bed performance when loading fresh 

or old broth and the sanitisation protocol was changed in order to maximise bed performance and resin 

regeneration (see Table 4.6 simultaneously). The obtained results are presented in Figure 4.18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 – Plates per metre calculated before and after a trial with broth calculated by applying a 1% acetone-

buffer solution step. 



61 

 

 

 

Fresh broth was used in experiment P200114, the sanitisation protocol followed was identical to 

the one used in small scale and no decrease in the number of plates per metre, i.e., in bed performance, 

was observed. 

In experiment P270114, the broth used was one week older and the same sanitisation protocol 

was followed; however the number of plates per metre decreased 85% and the resin was starting to be 

visually aggregated: when applying a flow rate of 10 L/h on a settled bed, channelling and resin blocks 

were observed inside the column. It was also noticed that peaks of higher flow rates, 30-50 L/h, helped in 

fading away the aggregates due to the consequent turbulence generated. 

 

 The experiment P030214 was performed using 2 weeks old broth and the sanitisation protocol 

was changed: more 3 CV of high conductivity solution were fed and peaks of high flow rates were done 

during the sanitisation. However, the increase of the flow rate will decrease the contact time for the same 

volume loaded. An 83% increase in the number of plates per metre was determined at the end of this run. 

In the following experiment P100214, fresh broth was loaded and the sanitisation protocol 

included 1 CV at high flow rate and 3 at low flow rate of each solution; a 30% decrease in the number of 

plates per metre was observed, still a considerable decrease which means that the followed sanitisation 

protocol can be further optimised. 

 

With this data, one can conclude that the broth used should be as fresh as possible because just 

two weeks old caused an 85% decrease in the number of plates per metre. However, when even older 

broth (P030214) was used, the same decrease in the number of plates per metre was not observed, 

which leads to the hypothesis that the nucleic acid content in the broth reaches a maximum after which it 

may decrease due to enzyme degradation. 

In addition to the high contact time with the sanitisation solutions, it was also verified that 

turbulence generated by peaks of high flow rates also aid in disassembling resin aggregates. Thus, in the 

future, the following protocol for the sanitisation step is suggested: 4 CV of each solution, 1M NaCl, 2M 

NaCl, 2M NaCl 1M NaOH and 1M NaOH: 1 CV high flow rate to generate turbulence and 3 CV at low flow 

rate in order to increase the contact time. 

 

 

 

 

4.4.3. Resin titration – new resin and used in five runs with broth 

Samples of new resin and of resin used in five pilot runs with broth were sent for capacity 

determination by potentiometric titration to evaluate any capacity decrease due to the loss of functional 

sites. Two mechanisms can lead to this situation: leaching of ligands or blockage of ligands either due to 
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reduced accessibility to clogged porous or to molecules that may be strongly bound to the adsorbent (e.g. 

nucleic acids). 

Note that both samples of resin are originated from the same production batch (Batch no. 510791-

WV). The sample of new resin was a mix between top and bottom resin from the bulk. The used resin, 

after being poured out of the column, was poured again to a container while the storage buffer was 

simultaneously changed. This step per se contributed to resin mixture, after which a sample was taken. 

The protocol followed in this analysis was described in Chapter 3.3.2 and the results obtained are 

summarized in Table 4.8. 

 

Table 4.8 – Results of new and used resin titration with 0.01 M HCl: weight of the samples in grams, pH at 

stabilization, volume of titrant consumed (V eq) in millilitres and the capacity in milli-Equivalents of hydroxide per gram 

of semi-dry resin. [21] 

Resin 
(Batch no. 510791-WV) 

Sample weight (g) pH V eq (mL) Capacity (mEq/g) 

New 

0.3487 10.19 2.4484 0.0598 

0.7038 10.46 4.8963 0.0593 

Average 0.0596 

Used 

0.3432 9.8 2.2435 0.0513
a
 

0.7232 9.4 3.2706 0.0385
a
 

0.7798 9.4 4.3015 0.0470 

1.2198 10.2 6.2868 0.0455 

Average 0.0463 

a 
These results were obtained prior to sample homogenization so were considered erroneous and 

not used. 

 

 Based on the presented data, a capacity loss of 22% was determined, meaning that there is a 

decrease in the number of binding sites, which is not desirable. However, from these results it is not 

possible to assert about the origin of such loss as it can be both due to DNA and biomass adsorption or to 

ligands leaching, possibly caused by the harshness of the sanitisation protocol. 

What is more, samples taken at different heights should be also analysed before a definite 

conclusion can be taken. 

  Additionally, as reported in [21] the sample of used resin was not homogeneous, which means 

that it was composed by both aggregated and loose resin, and gave quite deviating results before being 

thoroughly homogenized by means of shaking. After this, more consistent capacities were determined. 

Furthermore, the referred sample heterogeneity comes in accordance to what was visualised 

inside the column at pilot: some blocks of resin within a fluidized bed.  
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5. Conclusions 

 

Starting with the study of expanded bed behaviour, hydrodynamics and performance at different 

EF and conditions, it was concluded that the EF that gives the best separation performance is between 

2.00-2.25, within the studied range, and for this reason an EF of two was used throughout the following 

experiments at both scales. 

After all the runs performed both at laboratory and pilot scale, the major problem faced was broth 

aging that directly influenced the life-time of the resin causing problems such as aggregation and blockage 

of the bed. It is thought that this happens because the cells within the broth, as it is received, are solely 

permeabilised and therefore diffusion of intracellular biomolecules, like of nucleic acids, will occur from the 

interior of the cells’ nucleus to the medium.  

The aggregation of the resin was observed inside the column and also at the microscope where it 

was very easy to distinguish between new resin and aggregated one; however, a representative sample 

should be watched as the aggregation varies within the used resin. From the staining tests using Syto9, it 

was clear that at least DNA does adsorb to the beads. 

The adjustments done to sanitisation protocol in order to avoid resin aggregation gave very good 

results at laboratory scale with no aggregation observed after 4 runs and even using broth more than 1 

month old; yet when scaled up to pilot, the results were not as good: resin aggregation was observed. 

The optimised protocols for running both at laboratory and pilot scales are summarized in Table 

5.1, furthermore it is strongly advised to run with fresh broth, i.e., one week old counting from the 

end-fermentation date. 

 

Table 5.1 – Summary of optimised protocol for target protein purification both at laboratory (I.D.= 2 cm) and pilot scale 

(I.D.= 10 cm). These values were optimised for EF=2. The volume of broth loaded is dependent on the purpose of the 

run and also on the enzyme concentration. The composition of buffer solutions is described in Chapter 3.2. 

 

Scale 
Equilibration 

(CV) 
Loading 

(CV) 
Washing 

(CV) 
Elution 

(CV) 
Sanitisation

a
 

(CV) 
Storage 

(CV) 

L 3 - 3, 4 8 2A, 2B, 3C, 4D 1, 4 

P 1, 2 - 3, 8 8 4A, 4B, 4C, 4D 1, 4 

a 
A – 1M NaCl; B – 2M NaCl; C – 2M NaCl 1M NaOH; D – 1M NaOH 

 

When channelling was verified and it was impossible to further expand the bed, peaks of high flow 

rates were found to help in breaking down resin aggregates and thus making possible to expand the bed. 

This is probably due to the increased turbulence generated inside the column and it was only possible to 

accomplish at pilot scale, as the column is wider and thus the effects of its wall are not as pronounced as 

in laboratory scale, where this was not observed as the bed moved as a whole block inside the column 



64 

 

when high flow rates were applied. It was also noticed that aggregation and adhesion of cells are more 

likely to take place after the collapse of the bed [9]. 

SDS-PAGE results are not shown in this report due to confidentiality issues but it was concluded 

that EBA products are less rich in proteins of low molecular weight, especially when fresh broth is used. 

Besides, fresh broth also contributes to a lower presence of degraded enzyme. 

So, the results from EBA experiments and SDS-PAGE analysis are consensual as both suggest 

the use of fresh broth as the best option to avoid resin aggregation and also to reduce the amount of 

proteins of low molecular weight and degraded enzyme in the final product. 

The suspected decrease in resin capacity with the increasing number of runs with broth was 

confirmed by titration of both new and used resin. A 22% lost in resin capacity was observed but more 

samples needs to be analysed in order this result to have statistical relevance. Nevertheless, if the loss of 

ligands is proved true, it still remains to be inspected the reason behind this decreasing, whether it is the 

irreversible adsorption of biomolecules, such as nucleic acids or cell debris, or the harshness of the 

sanitisation protocol that is leaching the ligands of beads’ surface. 

The yields for the whole alternative downstream processing achieved both at laboratory and pilot 

scales, by keeping the EF constant and equal to 2, are quite comparable (80-90% and >80%) and there is 

still scope for further optimisation and thus to increase these values. In particular the pilot run has still 

room for improvement. However, the problems derived from the interaction of broth with resin, especially 

in case of using older broth, are hampering the possibility of achieving good reproducible results. And as 

broth age is a factor that is always changing, this makes the comparison between runs challenging when 

more than one parameter is being changed. Furthermore, the subsequent filtration and concentration 

don’t represent a substantial loss in product. 

The results of side activity assays are also not shown in the report due confidentiality; however it 

was concluded that EBA products are within the specifications and the results obtained are quite 

acceptable. EBA products are comparable to the commercialized product in terms of side-activities, 

meaning that using EBA to purify this enzyme coupled with a FAP and UF operations can indeed result in 

a competitive product and process. 
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6. Recommendations 

 

Even though linear velocity and expansion factor appear to have a linear correlation, more points are 

needed in order to discuss about their linear correlation, otherwise the linearity concluded is only valid 

within the range studied. 

 At laboratory scale the bed hydrodynamics was tested for the EF of 1.75, 2.00 and 2.25, but 

bearing in mind the results achieved, I would suggest to have more points and thus to test EF greater than 

2.25, 2.50 to 3.00 perhaps. Besides, the determination of the number of plates per metre at different EF 

was not done at pilot scale and it would be curious to compare it with the small scale results. I suggest to 

determine the number of plates per metre at different EF at pilot scale, then optimise the protocol at 

laboratory scale for the EF associated to the best results and finally scale it up to pilot. 

 

It is also advisable to investigate whether the harshness of the suggested sanitisation protocol is 

causing the leaching of beads ligands. 

 For this I suggest to run the sanitisation protocol several times starting with new resin; after this a 

sample of used resin and one of new resin are titrated in parallel and the results compared. It can also be 

taken samples of resin after a given number of runs a couple of times so that the number of sanitisations 

performed and the loss of resin capacity can be correlated. Besides, the collection of samples must be 

defined and mimicked among samples. 

 In case of no sanitisation protocol effect being detected on the resin capacity, a closer look at the 

contact time of each solution should be taken and the number of CVs during sanitisation may have to be 

increased. 

To determine the total anionic capacity of new resin, a breakthrough with a standard protein, like 

BSA, can also be performed. 
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8. Appendices 

 

8.1. Calibration of Watson Marlow 505U outlet pump – lab scale 

This pump was calibrated using water, buffer and buffer with 20% glycerol, to simulate broth 

viscosity. Different rpm values were input and for every value, the weight pumped was registered every 30 

seconds for 3 minutes and the calibration regressions were calculated and are illustrated in Figure 8.1. 

 

Figure 8.1 – Watson Marlow 505U outlet pump calibration curves for water, buffer and buffer 20% glycerol: rpm 

against flow rate in mL/min. Their respective equations and R
2
 are: 
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8.2. Calibration of inlet and Watson Marlow 624U outlet pump – pilot scale 

On the pilot setup, both the inlet and outlet pumps were calibrated as this system is coupled with a 

mass flow meter, this gadget was used to measure the flow instead of using a scale and a stopwatch. 

The feedback system was turned off and several percentages were input to the inlet pump. The 

flow rate was measured by the flow meter and an average value was registered. The calibration curve 

created with this data can be found in Figure 8.2. 

To calibrate the outlet pump, this was connected to the mass flow meter and several values were 

input in the pump and the respective average flow rate was registered. With the data generated, the 

calibration curve of Figure 8.3 was created. 

With these two graphs, it becomes easier for the user to set both pumps to operate at the same 

flow rate. 

  

Figure 8.2 – Inlet pump calibration curve when operating 

with feedback mode switched off: average flow rate in 

L/h against % of maximum flow rate, which equation and 

R
2
 are: 

                             

Figure 8.3 – Outlet pump calibration curve: outlet pump 

input in (rpm) against average flow rate in L/h, which 

equation and R
2
 are: 

                             

 

 

 

 

 

 

  



71 

 

8.3. Plates per metre before and after running with homogenized broth and 

new resin 

After one run with homogenized broth and using new resin (H0=20.9 cm), a 36% reduction of the 

number of plates per metre was obtained (399 to 254). The calculation of these values was done following 

the protocol described in the Chapter 3.3.1. 

 

Figure 8.4 – Plates per metre calculated before and after running with homogenized broth (HB) and new resin 

(B221113). 
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8.4. Biomass mass balance at EBA laboratory scale – graphs 

All the turbidity measurements of fractions collected during experiments B281013 and B221113 

are represented in Figure 8.5 and Figure 8.6, respectively. 

The beginning of loading of experiment B281013 was not fractionated and only the beginning of 

the sanitisation is represented in the bar graph. 

From the comparison of these two graphs, it seems that even though a lower volume of broth was 

loaded in the experiment with homogenized broth (see Table 4.1) the turbidity registered during the 

breakthrough is considerably higher. 

 

 

Figure 8.5 – Turbidity measured in FTU of the collected fractions throughout trial B281013 for BTI calculation using 

non-homogenized broth and used resin. Only the elution and sanitisation data is amplified in the inset. (Eq – 

equilibrium; L – loading; W – washing; E – elution; S – sanitisation) 
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Figure 8.6 – Turbidity of collected fractions for BTI calculation when using homogenized broth and new resin 

(B221113). Only the elution and sanitisation data is amplified in the inset. (Eq – equilibrium; L – loading; W – washing; 

E – elution; S – sanitisation). 
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8.5. Optimisation of EBA operation conditions at laboratory scale – 

chromatograms and product activity throughout the run 

Figure 8.7 and Figure 8.8 illustrate the chromatograms resulted from experiments L291113 and 

L131213. The absorptivity at 280 nm and the conductivity of the effluent were measured during the run 

and are presented in the chromatograms in a scale relative to their maximum value. Please not that 

sometimes the UV sign was not working properly and the signal has too much noise. The target protein 

concentration of each collected fraction is also represented in the chromatograms; this discrete values 

result from the off-line measurement at HPSEC of the fractions. 

 

 

Figure 8.7 – Representation of the relative absorptivity at 280 nm and conductivity to the respective maximum value 

(left axe) (in-line measurements) and of product activity of each collected fraction throughout run L291113 (off-line 

measurement by HPSEC). (Eq – equilibrium; L – loading; W – washing; E – elution; S – sanitisation) 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120 140 160 180 200 220 240 260

P
ro

d
u

c
t 

a
c

ti
v
it

y
 (

A
U

/m
L

)

Time (min)

280nm Conductivity Prod. actv.

Eq & L W E S 



75 

 

 

Figure 8.8 – Representation of the relative absorptivity at 280 nm and conductivity to the respective maximum value 

(left axe) (in-line measurements) and of product activity of each collected fraction throughout run L131213 (off-line 

measurement by HPSEC). (Eq – equilibrium; L – loading; W – washing; E – elution; S – sanitisation) 
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8.6. EBA at pilot scale – chromatograms and product activity throughout 

the run 

Figure 8.9, Figure 8.10, Figure 8.11 and Figure 8.12 represent the chromatograms from 

experiments P200114, P270114, P100214 and P170214, respectively. In these figures it is shown the 

absorptivity at 280 nm and conductivity measured during the run in a scale relative to their maximum 

value and also the concentration of target protein in each collected sample or fraction. 

 

Figure 8.9 – Representation of the relative absorptivity at 280 nm and conductivity to the respective maximum value 

(left axe) (in-line measurements) and of protein activity of each collected sample and fraction throughout run P200114 

(off-line measurement by HPSEC). (Eq – equilibrium; L – loading; W – washing; E – elution; S – sanitisation) 

 

Figure 8.10 – Representation of the relative absorptivity at 280 nm and conductivity to the respective maximum value 

(left axe) (in-line measurements) and of product activity of each collected sample and fraction throughout run 

P270114 (off-line measurement by HPSEC). (Eq – equilibrium; L – loading; W – washing; E – elution; S – 

sanitisation) 
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Figure 8.11 – Representation of the relative absorptivity at 280 nm and conductivity to the respective maximum value 

(left axe) (in-line measurements) and of product activity of each collected sample and fraction throughout run 

P100214 (off-line measurement by HPSEC). (Eq – equilibrium; L – loading; W – washing; E – elution; S – 

sanitisation) 

 

 

Figure 8.12 – Representation of the relative absorptivity at 280 nm and conductivity to the respective maximum value 

(left axe) (in-line measurements) and of product activity of each collected sample and fraction throughout run 

P170214 (off-line measurement by HPSEC). (Eq – equilibrium; L – loading; W – washing; E – elution; S – 

sanitisation)  
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